This note studies the response of a simple linear baroclinic coastal-upwelling model to fluctuating longshore winds. Correlations between wind stress and velocities are computed explicitly. It is shown that these correlations depend primarily upon the wind-~ spectrum and that. for a realistic spectrum, the wind stress leads the longshore velocity by approximately one day. The computed correlations agree remarkably well with observations and dismiss the belief that time lags ought to be directly related to the local inertial period, i.e., some fraction of the local pendulum day.
and 2) variability of the wind forcing which is external to the system. The inertial oscillations of a pendulum-day period or less, as those in response to a momentum impulse preceeding the formation of a steady, geostrophic adjustment (Cahn, 1945; Crepon, 1967) , cannot account for tiI1)e lags greater than a quarter of a pendulum day. Explanation for greater lags, as observed, ought thus to be found in the alternate source of variability, viz.. in the variability of the surface wind stress. The aim of this note is to demonstrate with a maximum of simplicity and clarity that, indeed. the observed time lags are characteristic of the forcing variability. A wind-impulse model is thus inappropriate for such analysis. Before one can quantify on any correlation or time lag, one must investigate a realistic wind-stress spectrum and the corresponding ocean response.
Here, a simple linear, baroclinic coastal-upwelling model is studied in response to an endless fluctuating surface stress. It is shown that correlations between wind stress and velocity components depend upon the shape of the wind-stress spectrum and that, for a realistic spectrum, time lags are unrelated to and substantially greater than the inertial period. Moreover, predicted values agree with those estimated from the data. These conclusions dis~ss the belief that time lags ought to be directly related to the local inertial period. i.e., some fraction of the local pendulum day.
Introduction
Traditionally, a coastal upwelling event is simulated as the response from rest to a sudden longshore wind. In the Northern Hemisphere, when a wind is blowing with the coast to its left, the stratified coastal waters are spun up, light surface waters flow away from the shore (Ekman drift), creating a divergence, and heavier waters are upwelled near the coast. During the first moments of such events, the one-offshore velocity component responds almost instantaneously to the wind stress, while the longshore ocean velocity component increases gradually on a time scale equal to the inertial period (McNider and O'Brien, 1973) . Data collected during the Coastal Upwelling Ecosystem Analysis experiment off the Oregon coast in 1973 (Smith, 1981) show that, indeed, the on-off-shore velocity component is positively correlated at zero time lag with the longshore wind-stress, but the longshore velocity component lags the wind stress by 18-24 h, i.e., a lag substantially greater than and apparently unrelated to the local pendulum day. Off Oregon, e.g., the inertial period is 17 hours.
This discrepancy between the above dynamical description and observations can be explained when one realizes that upwelling is not an isolated event in response to a suddenly-applied surface wind stress, but is one event embedded in a continuous upwelling-downwelling p~ respoQding to varying winds. Two different sources of temporal variability are thus present: 1) inertial oscillations which are intrinsic, 2. Governing equations To simplify the dynamics to a maximum in order to focus on the response to wind-stress variations on the daily and weekly time scales, the model is linear For ClJ2 ~ 1, the U solution is either oscillatory or linear in x, and such a solution cannot meet the offshore boundary condition. Physically, for ClJ2 = 1, i.e., at the inertial frequency, resonance occurs in the system, and for ClJ2 > 1, gravity waves leak energy to the open ocean. Since neither of these instances are relevant to the present problem, it will be assumed that One should note that the dynamics retained in this description are correct on daily and weekly time scales, but insufficient on longer time scales, over which longshore pressure gradients and a {3-induced undercurrent are induced (Hurlburt and Thompson, 1973) . This is a reasonable approximation since, as we will demonstrate, time lags under consideration are of the order of a day. However, caution has to be exercised, and consistency in the comparison with observations will require to high-pass the wind-stress and velocity time series and to retain only the variability on the daily and weekly time scales.
The above equations can be advantageously (2)
It is evident from these expressions that the values of these correlations depend primarily upon IF( (a) >f, the power spectrum of the wind stress. At zero lag (a = 0), CUT> 0 and maximum, COT = ChT = 0, i.e., the onshore-offshore velocity component is positively correlated with the instantaneous wind, while the longshore velocity component and the interface displacement are noncorrelated with the instantaneous wind. For non-zero lags (a > 0), COT and ChT do not vanish, and v and h are correlated with past winds. The precise values of the time lags for which v and h most correlate with the wind stress are strongly dependent on the wind-stress spectrum and, a priori. are completely unrelated to the quarter of a pendwum day. To convince oneself of this statement, the reader may consider the example when the wind spectrum has most of its energy at a very low frequency <1'0 (Ca>o ~ 1), for which maximum correlations wind v and h are obtained for sin<l'oa = 1, a = .../2<1'0 ~ 1.
at 0.5, 0.7 and 1.0 cpd, respectively, and half-power at 0.6 cpd); the mean and linear trend also were removed from the time series. The resulting power spectrum of the longshore wind-stress component is shown on Fig. 2 (solid line). This spectrum is characterized by a background red cascade (interrupted at very low frequency by removal of the mean and linear trend from the data record), superimposed on which is a peak at 0.27 cpd (3.7 days). It is, of course, the dynamical response to this variabilitY around a three--day time scale which is relevant in this analysis. The influence of the considerable variance toward low frequencies has therefore been eliminated by high-passing the wind-stress power spectrum. This operation consisted of replacing the low-frequency section of the wind-stress power spectrum (for frequencies lower than 0.21 cpd, below the spectrum minimum) by a quadratic increase with frequency, as shown on Fig. 2 (dashed line) . The velocity power spectra were reduced proportionally. From this last spectrum, retaining the observed variability on the daily and weekly time scales, correlation functions (1) and (2) were computed and compared with con-elation functions obtained from actual high-passed measurements. Results are presented in Fig. 3 . This figure clearly shows remarkable agreement between observed and computed correlations, confirming the applicability of the simple model used here. But, more interesting is the fact that the wind stress leads the longshore velocity by about
Comparison with observations-Conclusions
Smith analyzed wind-stress and velocity data collected d~ng the Coastal Upwelling Ecosystem Analysis experiment off Oregon in 1973 (Smith, 1981) . Time series were low-pass filtered in order to eliminate the high-frequency variability (the filter-response three-quartet'S of a day to one day. This time lag results from the 3.7 day peak of the wind-stress spectrum (for a frequency of 0.27 cpd, sinCAJ« is maximum for a equal to 22 hours) and is, therefore, unrelated to the inertial period intrinsic to the system. This conclusion 1) dismisses the belief that the longshore velocity component ought to lag changes of the wind stress by some fraction of the local pendulum day, and 2) demonstrates that time lags and, in general, all correlations are strongly dependent on the variability of the surface wind stress.
